The viability of using the waste obtained in the manufacture of sugar from sugarcane for the production of biodiesel has been analyzed. Two fundamental stages are necessary to obtain biodiesel; the first stage is the extraction process from the waste oil materials and the second is the transesterification reaction. Four techniques, Soxhlet, orbital shaker extraction, ultrasonic-assisted extraction, and supercritical fluid extraction, have been analyzed. For Soxhlet, orbital shaker extraction, and ultrasonic-assisted extraction, the organic solvent (hexane) was maintained for all experiment. In supercritical fluid extraction two solvents were evaluated: pure CO 2 and mixtures of CO 2 and 5% (v : v) methanol. The reaction kinetics of the transesterification reaction with an acidic catalyst and a basic catalyst were analysed. The results show that the supercritical extraction process produces a better product for the subsequent transesterification reaction. This finding is attributed to the high selectivity of carbon dioxide in the recovery of fatty acids and triglycerides in comparison with other solvents.
Introduction
Over many years an increasing number of researchers have shown that bioconversion of the biomass from agroindustrial wastes for the production of fuels and chemicals has the potential to change the world economically, socially, and environmentally [1] [2] [3] [4] . As a consequence, research related to agricultural wastes is intensifying with the aim of evaluating the potential of this approach for recycling and to reduce the need for landfill.
Sugar from sugarcane (Saccharum officinarum) represents 65-70% of the world production of sugar and its production is mainly located in developing countries [5] . The production process requires high amounts of steam and electricity at the different stages and generates important quantities of residues. Significant amounts of byproducts are formed during the production of sugar from sugarcane. The byproducts of the sugar industry can be classified by the stages in which they are formed: those that originate during harvesting (agricultural stage) are tops and straw, whereas those that are formed during the industrial process include filter cake, molasses, and bagasse ( Figure 1 ) [6] . A proportion of these byproducts can be used for the production of alcohol and they can also be used as a fuel to produce steam and electricity for the sugarcane industry.
The sugarcane also gives rise to saccharides along with intermediate and final products. These products can be used not only in farming but also in the food, chemical, and pharmaceutical industries. The lignocellulosic complex has the potential to provide fuel in solid, liquid, or gaseous forms or it can be used for electricity generation. Products such as cellulose, paper, furfural, boards, and other materials can generally be transformed into products of high added value [7] . Wastewater from the cane processing industry can be of economic use through biogas production and ferti-irrigation [8] . However, despite the uses outlined above, a considerable amount of waste still requires disposal. Therefore, there is considerable economic interest in the development of technology and processes for the effective exploitation of these wastes [9] .
A major residue of the sugar production is filter cake, the residue from cane juice filtration. The filter cake is a dark solid fibrous residue that is extracted from the final process in the manufacture of sugar from sugarcane. The composition of the filter cake is estimated to be approximately 10-14% wax, oil, and resin, 12-16% protein, 8-12% ash, 3-5% P 2 O 5 , 2.5% CaO, 10-14% saccharose and reductive carbohydrates, 18-25% cane core, and 25-35% other materials. The filter cake usually has a high percentage of water, which is estimated to be in the range 75-77%, meaning that the dry material represents approximately 23-25% [10, 11] .
Filter cake causes significant pollution, and in several sugar factories it is considered a waste, posing problems of management and final disposal. George et al. [5] have studied the opportunities of filter cake (and bagasse) and experimentally studied the use of filter cake as fuel at the sugar factory. Filter cake may, for example, be used as a fertilizer/soil improver directly applied on the fields or after composting. During its decomposition, it generates, however, an acid leachate and emits significant amounts of greenhouse gases. Moreover, the experimental part of the paper shows that blends of filter cake with bagasse can be combusted in industrial boilers in sugar factories, and that loose, nonvitrified ashes with a similar appearance as bagasse ash are obtained. This results in lower volumes and masses of residues to be transported, so that transportation costs are reduced. Moreover, it gives a new economic value to the filter cake and reduces its environmental impact. When all filter cakes would be combusted blended with bagasse, about 25% more ash would be obtained than for bagasse and the trace element composition would comply with the regulatory limits for use as fertilizer/soil improver.
The principal product obtained from the filter cake is the sugarcane crude wax. The industrial process for the extraction of sugarcane crude wax from filter cake is heptane extraction. Three fractions are usually separated in this process [12] :
(ii) oil (25-31%), (iii) resin (10-13%), volatiles (0.8-2%), and insoluble (0.7-0.8%).
The separation consists of different successive multiple steps and enables the initial fractionation of the resin compounds followed by the separation in a second step of the oils and refined wax. The biological effects of active compounds extracted from sugarcane crude wax, such as long chain nalcohols, fatty acids, or ethanolic extracts, have been reported by various groups to have applications in atherosclerotic vascular coronary heart disease [13] and other therapeutic applications [14] .
Taking into account the current trend in the provision of new sources for the production of biofuels, the use of filter cake as a raw material in production of bio-oils seems to be feasible for the high concentration in oils. Due to the complexity of this product, it is important to analyse the extraction process in order to determine the best process for the subsequent transesterification stage [15] . The extraction process must be highly selective and, wherever possible, environmentally friendly. Numerous approaches for the recovery of oil from different raw materials have been published in the literature. In recent years, the ultrasound-assisted extraction (UAE) and the supercritical fluid extraction (SFE) techniques have been used in this kind of process.
UAE is a good choice in comparison with the more traditional approaches due to its high efficiency, low energy requirements, and low solvent consumption. This technique has been applied in the extraction of bioactive compounds from plants [16] [17] [18] and other products [19] . The improvement in the extraction process on using ultrasound is related to the destruction of the cell walls, the reduction of the particle size, and the enhancement of mass transfer through the cell wall due to the collapse of bubbles produced by cavitation [20] .
In SFE, carbon dioxide is used as the solvent in the majority of cases. This is an advanced technology that has a low environmental impact due to the advantages of CO 2 as a solvent, that is, low toxicity, low cost, and easy separation from extracts [21] . The use of CO 2 gives an added advantage in terms of quality, as extracts do not suffer excessive heating, which may destroy thermally unstable compounds. CO 2 has a very high selectivity and is a good solvent for low molecular weight and nonpolar products. In some cases, a small amount of cosolvent can be added to modify the polarity in an effort to increase the effectiveness of this solvent.
As far as the extraction of sugarcane waste is concerned, de Lucas et al. studied the supercritical extraction of long chain n-alcohols from sugarcane crude wax. The results were compared to those obtained using the existing multistage industrial organic solvent refining process. The quality of the supercritical extract was considerably higher on using SFE due to the higher n-alcohol purity, 78.24% (w/w), compared to the organic solvent extraction yield, 22.00% (w/w) [15] .
In the work described here, different extraction methods were evaluated to obtain oil-wax from filter cake. Conventional methods are compared with UAE and SFE in terms of the best extraction yields. The viability of the product for the production of bio-oils was assessed by carrying out the transesterification process with methanol using an acidic or basic catalyst.
Materials and Methods

Materials and Chemicals.
Filter cake was collected in 2009 and was provided by the Ifrain Alfonso Sugar Mill, Villa Clara, Cuba. The sample was dried at room temperature to constant weight. Carbon dioxide was obtained from Abello-Linde S.A. (Barcelona, Spain); the standard for methyl esters was purchased from Sigma-Aldrich (Steinheim, Germany). The other reagents (hexane, methanol, toluene, orthophosphoric acid, hydrochloric acids, and potassium hydroxide) were obtained from Panreac (Barcelona, Spain). The analytical standards were obtained from Sigma-Aldrich with 1% of impurities.
Extraction of Oil-Wax from Filter Cake
Soxhlet Extraction.
Soxhlet extraction was carried out using cellulose thimbles containing 150 g of sample. The extraction was carried out using 250 mL of hexane for 24 h, at atmospheric pressure [22] . The solvent was concentrated under reduced pressure in a temperature-controlled bath at 40 ∘ C.
Orbital Shaker Extraction.
The sample and hexane were placed in capped flasks (solvent-to-solid ratios, 3 : 1, 5 : 1, 7 : 1, and 9 : 1 weight/volume) and maintained at 150 rpm and 50 ∘ C for 10 h in an orbital incubator shaker, at atmospheric pressure (HS 501 orbital shaker, IKA, Staufen, Germany) [22] . The extracts were filtered and the solvent was removed under reduced pressure with a temperature-controlled bath at 40 ∘ C.
Ultrasound-Assisted Extraction.
Extractions were carried out in an Elmasonic S 300 ultrasonic bath at atmospheric pressure. The solvent-to-solid ratio used was 7 : 1 and the solvent was hexane [17] . Two different procedures were employed. In the first procedure the sample/solvent mixture was placed in the ultrasonic bath for 3 h with continuous sonication and in the second procedure the mixture was alternately agitated vigorously in ultrasonic bath for 15 min and then left to stand for 15 min without stirring for a total time of 3 h. The UAE generates an increase in the temperature of the solvent. For this reason, it may be adequate to realize a program of exposure to the ultrasound in order to avoid this increase. This is the expectative of both methods.
The resulting extracts were treated in the same way as the extract obtained by orbital shaker extraction.
Supercritical Fluid Extraction.
Extractions were carried out in SFE equipment from Thar Technology (Pittsburgh, PA, USA, model SF2000) with a 2 L extraction vessel and two high-pressure pumps, one for carbon dioxide and the other The operating methodology involved loading the extraction cartridge with approximately 130 g of the sample, which had previously been homogenized in order to maintain a constant apparent density in all experiments. The extracts were collected in cyclonic separator and transferred to glass bottles, which were stored at 4 ∘ C with the exclusion of light. The experimental procedure was explained in a more detailed form in a previous work [23] .
The experiments for each extraction were carried out in triplicate in order to evaluate the variability of the measurements. The results are shown as the average of all the independent analyses with a reproducibility of approximately 8.6% CV (coefficient of variation).
Properties of Extracts
Fatty Acids Composition.
The fatty acid (FA) constituents were analysed by gas chromatography (GC) (Agilent Technologies model 6890N) with a capillary column (SupraWAX-280, 30 m length × 0.25 mm internal diameter × 0.25 m thickness), automatic injection, and a flame ionization detector (FID).
The FAME extraction of the resulting mixture was carried out by adding 2 × 2 mL of n-hexane and then shaking the mixture vigorously automatically in a vortex for 30 s. The sample was stored for 5 min in order to allow a bilayer to form. The clear upper layer, which contained the FAME, was injected (10 L) into the gas chromatograph using an internal standard method.
The injector and detector temperatures were 200 and 275 ∘ C, respectively. The oven temperature was set at 90 ∘ C and this was increased at a heating rate of 30 ∘ C/min up to 192 ∘ C. Immediately, the rate of heating was changed to 2 ∘ C/min until the temperature of 195 ∘ C is reached. This temperature is held at this point for 5 min and finally increased at a heating rate of 2 ∘ C/min up to the final temperature of 211 ∘ C [24] . The analysis was carried out in triplicate.
The FAME components were identified by comparison of their retention times with those of the commercial standards. Heptadecanoic acid was used as internal standard. The calibration curves were as follows: 
where is the area expressed in pA and is the concentration expressed in g/L.
Acid Value.
The acid values of the oils obtained under different conditions were analyzed according to a normalized determination [25] . Acidity index is the mass, expressed in mg, of potassium hydroxide that is necessary to neutralize free fatty acid present in 1 g of sample. It is common to represent this value as the percentage of oleic acid, which is the most abundant fatty acid.
Transesterification for Biodiesel Conversion from Oil-
Wax. Different methanol-to-oil ratios in terms of percentage volume (1 : 3, 1 : 9, 1 : 12, 1 : 39, and 1 : 100) and reaction times were used to study the reaction of biodiesel from oil-wax. The progress of the reaction was monitored by measuring the transformed FAME [26] . Prior to the catalysed transesterification, the pretreatment proposed by Samaram et al. [16] was carried out in order to eliminate the wax-oil traces of organic matter and to lower the acid value. In this stage a mixture of crude wax-oil, methanol, orthophosphoric acid, and toluene was stirred at a constant speed of 450 rpm and 66 ∘ C for 0.5-4 h. One litre of oil was mixed with 350 mL of methanol, 5 mL of toluene, and 5 mL of orthophosphoric acid as a reagent. Toluene helps to dissolve the organic matter along with methanol and separates it from the neat oil along with other impurities. The product from the first stage was allowed to settle for 1 h and complete phase separation was assessed visually. The upper layer, which contained the methanol/water fraction, organic matter, gum, toluene, and other impurities, was separated from the lower layer. The lower layer was the raw material for the acid-and base-catalysed transesterifications [27] .
Acid-Catalysed Transesterification.
Hydrochloric acid (37.7%) was used as a catalyst in the acid-catalysed transesterification. The product of the previous stage was mixed with 5 mL hydrochloric acid (0.1% v/v in methanol) and different volumes of methanol. The stirring speed was maintained at 350 rpm and the reaction temperature was 65 ∘ C. The progress of the reaction was monitored at times of 15, 30, 45, 60, 120, 180, 240, 300, and 360 min.
Base-Catalysed Transesterification.
Potassium hydroxide (1% in methanol) was used as a catalyst in the basecatalysed transesterification. The catalyst (KOH) was dissolved in methanol with vigorous stirring. The product of the previous stage was transferred to the reactor. The final mixture was stirred vigorously at 350 rpm for 4 h at 100 ∘ C. The second stage was similar to that described for the acidcatalysed transesterification.
Successful transesterification reactions produced two liquid phases: ester and crude glycerine. Crude glycerine is the heavier liquid and this is collected at the bottom of the vessel after several hours of settling. Phase separation could be observed within 10 min and was complete within 2 h. The top ester layer was separated and purified using warm water. After washing, the final product was heated up to 70 ∘ C for 15 min under vacuum in order to remove water and then stored for further use.
Results and Discussion
Extraction Process. The extraction yields obtained by
Soxhlet extraction, orbital shaker extraction (OSE), and ultrasound-assisted extraction (UAE) are shown in Figure 3 . OSE was carried out at four different solvent-to-solid ratios for 10 h. The best results were obtained with a solventto-solid ratio of 7 : 1. Higher solvent-to-solid ratios led to similar extraction yields but with a higher consumption of solvent. The results obtained by UAE with alternate intervals of shaking and standing were comparable to the results obtained by OSE with a solvent-to-solid ratio of 7 : 1. The UAE in continuous mode led to lower extraction yields. This behaviour can be attributed to loss of solvent due to the increase in the solvent temperature. The Soxhlet extraction gave the best extraction yields. The differences can be mainly explained by temperature effects. Soxhlet extraction is carried Figure 3 : OSE, orbital shaker extraction. UAE, ultrasound-assisted extraction. UAE (1), continuous ultrasound-assisted extraction for 3 h. UAE (2), ultrasound-assisted extraction with intervals. out at the maximum temperature possible (i.e., boiling point of the solvent), while the other methods are carried out at room temperature.
The fatty acid compositions in the different extracts obtained by Soxhlet extraction, OSE, and UAE are shown in Table 1 . The results are expressed as mg FAME/g extract. Stearic acid (C18:0) and palmitic acid (C16:0) were the predominant fatty acids in all tests. The fatty acids content was relatively low on using these techniques. For this reason, it is important to investigate more selective extraction methods in an effort to increase the concentration of fatty acids. The acid values are also presented in Table 1 . Higher acid values imply higher selectivity in the extraction of fatty acids and the highest values were obtained on using OSE as the extraction method. In order to compare the results with those of the conventional extraction and UAE methods, supercritical fluid extraction was investigated. This technique is associated with shorter extraction times and reduced solvent consumption. The extraction process is facilitated due to increased analyte desorption and diffusion from the solid matrix. The extraction yields obtained by SFE with pure CO 2 and a mixture of CO 2 and 5% (v/v) of methanol are shown in Figure 4 .
In SFE the solvating power of the fluids can be adjusted by changing pressure and/or temperature and, in this way, a remarkably high selectivity can be achieved. Variations in the yields obtained under different conditions (pressure, Journal of Chemistry temperature) are similar when the extractions are carried out with pure CO 2 or CO 2 /methanol. It can be seen from Figure 4 that, at a constant temperature, an increase in the pressure leads to an increase in the density of the SCF; that is, its solvating power becomes greater and greater quantities of substances are transferred to the supercritical CO 2 , which in turn means that the extraction process is favoured. An increase in temperature at constant pressure benefits the extraction process due to the increase in the vapour pressure of the substances extracted, a change that more than compensates for the decrease in the density of supercritical CO 2 .
The addition of a small amount of a liquid modifier can often significantly enhance the extraction efficiency [23] . The extraction yield increased on adding methanol. The best extraction yields were obtained at 55 ∘ C and 400 bar with CO 2 and methanol. These results are better than those obtained by Soxhlet extraction.
The fatty acid composition obtained by SFE is different from those in the extracts obtained by Soxhlet extraction, OSE, and UAE (Table 1 ). In the case of SFE, linoleic acid (C18:2) and oleic acid (C18:1) are the predominant fatty acids in the extracts.
The behaviour outlined above can be attributed to the different selectivity for the extracted compounds and the method for the fatty acid determination. In the method employed the composition in fatty acids was analysed after a transesterification reaction with methanol under relatively harsh conditions. Finally, the FAME compounds were analysed by gas chromatography. The fatty acids could be present in a wide variety of compounds and the composition can vary depending on the family of compounds extracted. Fatty acids can be free, in a triglyceride or in a phospholipid. The fact that carbon dioxide is selective to triglycerides and free fatty acids may influence, and explain, the results obtained. The acid values obtained by SFE are also higher than those obtained by Soxhlet extraction, OSE, and UAE, thus confirming the hypothesis outlined above [22] .
In cases where a cosolvent is added, the selectivity of the solvent decreases and, for this reason, the composition is similar to that obtained with conventional solvents. The acidity results shown in Table 1 indicate that the total amount of fatty acids obtained by SFE is greater for SFE with pure CO 2 . As mentioned above, the filter cake contains a wide variety of fats, waxy esters, free alcohols, sterols, and a resinous fraction that is mainly composed of calcium salts of heavy polyesters. Free alcohols and sterols are more suitable for extraction by CO 2 and methanol and, for this reason, the concentration in fatty acids decreases on using this solvent mixture.
Transesterification Process.
Once the extraction process had been analysed, the results of the transesterification reaction were compared. From the results discussed in the previous section, SFE seems to be the best extraction method to use for the study of the transesterification. For this reason, the transesterification reaction was only carried out on the oils obtained by this extraction method. Nevertheless, in order to compare the results obtained with this oil, the transesterification of the oil obtained by Soxhlet extraction was also carried out. The comparison involved the use of two different catalysts in the reaction, namely, acid-and basecatalysed transesterifications.
A lower acid value (<4 mg KOH/g) indicates a high quality vegetable oil. An increase in acid value should be taken as an indicator of oxidation of the oil, which may lead to gum and sludge formation in addition to corrosion. It can be observed from the results in Table 1 that the acid values of the wax-oils are above 4 mg KOH/g. Therefore, it was necessary to carry out an initial stage before the transesterification reaction in order to lower the acid value prior to optimising parameters such as methanol-to-oil ratio, reaction duration, and catalysed transesterification.
The amount of alcohol added to vegetable oil is one of the important factors that affect the conversion efficiency and the production cost of biodiesel. The conversion efficiency is defined as the yield of the process as a percentage. Stoichiometrically, the triglyceride/methanol molar ratio required is 1 : 3. However, in practice, this is not sufficient to complete the reaction. The amount of methanol required for transesterification is considered in terms of volumetric ratio. A higher amount of alcohol is required to drive the reaction to completion at a faster rate. In the work described here five ratios were tested (1 : 3, 1 : 8, 1 : 12, 1 : 39, and 1 : 100 by volume).
The conversion efficiency in relation to the amount of alcohol in the acid-catalysed transesterification is shown in Figure 5 . As the percentage of methanol was increased, the yield of biodiesel improved significantly and this increase was particularly marked on changing from a volume ratio of 1 : 3 to higher ratios. At ratios of 1 : 100 and 1 : 39 the amount of methanol was thought to be excessive and the conversion and time are similar to those obtained with a 1 : 12 ratio. On the other hand, a higher yield was obtained with a higher percentage of methanol but the energy required for the recovery of methanol increases correspondingly. Therefore, 1 : 12 is a suitable volume ratio because any further increase in this ratio does not give rise to a significant improvement in performance in terms of time or the conversion efficiency.
In order to achieve an effective interaction between the catalyst and the oil-wax during transesterification, it is essential that the components must be stirred well at a constant rate. It can be observed from Figure 5 that the yield of methyl ester increases with increasing reaction time. For the waxoil obtained by Soxhlet extraction and a volume ratio of 1 : 100, the transesterification reaction is complete at 60 min. For volume ratios of 1 : 39 and 1 : 12, the transesterification reaction is complete at 120 min. However, for the waxoil extracted by SFE at volume ratios of 1 : 100, 1 : 39, and 1 : 12, 100% conversion is obtained at 60 min. However, the transesterification reaction of the sample corresponding to a volume ratio of 1 : 8 was reached at 120 min. Therefore, a reaction time of 120 min is sufficient for the completion of the acid-catalysed transesterification for a ratio of 1 : 8 with SFE oil.
The conversion efficiency during the base-catalysed transesterification is represented in Figure 6 . The maximum conversion did not exceed 85% for the reaction time studied. An increase in the volume ratio led to an increase in the conversion efficiency. However, as in the acid-catalysed process, the amount of methanol is excessive for ratios of 1 : 100 and 1 : 39 and the conversion in the time is similar to that achieved with a 1 : 12 volume ratio. Therefore, 1 : 12 is a suitable ratio because any increase in the ratio does not lead to any significant improvement in the conversion efficiency. One limitation of the base-catalysed process is its sensitivity to both water and free fatty acids. Free fatty acids can react with the alkali to produce soaps and water. In the basecatalysed transesterification the presence of free fatty acids and water always has a negative effect since soap formation results, the catalyst is consumed, and the catalyst effectiveness is reduced. The presence of water has more marked negative effect than the free fatty acids [28] and the water content should therefore be kept below 0.06%. The presence of water may be the cause of the decrease in conversion efficiency.
According to Freedman et al. [29] , Liu et al. [30] , and Mittelbach [31] , the oil or fat used in alkaline transesterification reactions should contain no more than 1% free fatty acids (FFA), which is equivalent to 2 mg KOH/g triglyceride.
If the FFA level exceeds this threshold, saponification hinders separation of the ester from glycerine and reduces the yield and formation rate of FAME.
Conclusions
The results obtained in this study show that the SFE process, using carbon dioxide as solvent, enables the extraction of a product that is suitable for biodiesel production. The extraction yield obtained by SFE was not the highest, but the conversion achieved in the transesterification process was higher with this solvent. The best conditions for the SFE of the oil-wax were 55 ∘ C and 400 bar. These results open up the possibility of recovering waste from the sugarcane process for biofuel production. The acid-catalysed transesterification process provides the best conversions at lower times.
